Abstract -We demonstrate an imaging technique for mapping water ingress in photovoltaic module packaging materials that discriminates high versus low water content regions based on the differential absorption of infrared light corresponding to the water absorption band. The underlying principle of increased absorbance upon water ingress is demonstrated using transmission spectroscopy in encapsulant laminates and an imaging approach is shown to identify moisture ingress in laminate samples.
I. INTRODUCTION
While solar technology can play a key role in energy savings for homes and businesses due to its low operating costs, ongoing exposure to moisture can impact solar panel performance, resulting in reduced reliability, as well as increased costs when equipment needs to be replaced. The ingress of water into photovoltaic modules is known to degrade performance as a result of corrosion, mechanical stress, and degradation of the encapsulating polymer's optical transmission. Current approaches used to mitigate water ingress include moisture barriers (glass) for the front and back sheet of modules, as well as sealing the modules' edges with desiccant-filled polymers that absorb water. However, a better understanding of the water diffusion process in photovoltaic modules, substantiated by experimental data analysis, offers the potential to improve reliability and performance of photovoltaic modules.
Measurement of water content in photovoltaic modules can be done destructively by taking samples from different sections of the module; however, this invasive approach can negatively impact the module's performance. In addition, invasive evaluation is time consuming, and measurement on the same module cannot be done repeatedly, limiting the amount of collected data. Another existing approach used to measure water content is the use of colorimetric reporters, such as calcium films, which change their optical properties when interacting with water. Although colorimetric tests are non-destructive, they can alter diffusion kinetics, need to be integrated with the fabrication process, and cannot be performed on existing deployed modules that do not contain reporter compounds. There is therefore a need for a new approach to measure the water ingress in photovoltaic modules that is fast can be done on a large-scale, non-contact evaluation method of water ingress that can reliably predict failure in photovoltaic modules.
We demonstrated the feasibility of Fourier transform infrared spectroscopy (FTIR) for measuring water ingress in photovoltaic (PV) module coupons subjected to accelerated testing conditions of 85 o C, 85% relative humidity. Our preliminary results indicate that infrared spectroscopy is suitable to determine water ingress in PV module encapsulants at concentrations relevant to field deployed solar modules and accelerated testing conditions. As an extension of this principle we show that by targeting the same absorption band of water, a moisture content map can be obtained using infrared imaging of a variety of samples relevant to the photovoltaic industry: modules, laminates and barriers.
II. NUMERICAL SIMULATIONS AND EXPERIMENTAL SETUP
The samples we tested were fabricated as solar panel coupons of double glass design and contained a c-Si cell encapsulated in ethylene vinyl acetate (EVA) and sandwiched between two sheets of solar glass (Starphire) (Figure 1) . One of the challenges we encountered was that water, encapsulant, and glass exhibit strong absorbance near the fundamental hydroxyl vibrational bond around 3500 cm -1 . To identify the appropriate spectral region that is used to quantify water ingress transmission, data was acquired before and after immersion in water for free standing EVA films, as well as EVA sapphire laminates, the latter having the advance of high transmission up to 2000 cm -1 (compared to glass at 3500 cm -1 ). The water spectrum in PV module encapsulants was determined to be a band from 3000 to 4000 cm -1 , significantly broader than the width of vapor water, allowing discrimination between the two species that are present in the optical path. Although glass obscures the long wavelength side of the water absorption band, it is still possible to make a quantification of the moisture ingress profile by integration of the water absorption band, subtracting the 'dry' background, and normalizing the concentration to saturation values. For some samples the variation in encapsulant thickness across the sample was accounted for by integrating a band specific only to CH2 and CH3 vibrational modes (5350-6200 cm -1 ). For the accelerated testing conditions, the saturated values were experimentally measured with coulometric Karl Fischer titration. A small encapsulant sample 0.5-1 g that was saturated with water was loaded in a septum sealed vial. The vial was further heated to 190 o C to release the moisture 978-1-5386-8529-7/18/$31.00 ©2018 IEEEcontent from within the sample under a carrier gas flow (dehumidified air) that carried the moisture to a chamber to convert water molecules to electric current via a redox reaction. After removing background residual moisture in the vial the saturation values of water in EVA were determined to be 0.8% by weight. An attempt was made to perform a similar measurement by breaking and collecting different sections in an EVA glass laminate, determining the water content with Karl Fisher titration, and measuring the EVA mass as the weight difference before and after etching the test sample in a piranha solution (3:1 sulfuric acid to hydrogen peroxide). The result was too imprecise mainly due to fast water desorption after breaking the laminate, and loss of glass dust during piranha etch. This result outlines that the spectroscopic testing is, to the best of our knowledge, the only viable way to measure water content in situ in photovoltaic module encapsulants without altering the sample structure.
A numerical finite element method model was developed to calculate the water concentration in encapsulant as a function of positions assuming non-permeable boundaries at the encapsulant glass interface and saturation concentration on the outer perimeter of the sample. The comparison between the numerical model and experimental data show a remarkably good agreement with a calculated diffusion coefficient of 2.9*10 -6 cm 2 /s in good agreement with results from other studies. [1] The method precision was calculated as standard deviation for 100 point data set and was found to be approximately 0.1%. Fig. 1 . Water ingress measurement in photovoltaic module encasulants (a) Transmission measurement through sapphire-EVA laminates before (red) and after (blue) exposure to water. An increase in absorbance due to water ingress is observed in the band from 3000 to 4000 cm -1 . (b) Photovoltaic module coupon transmission before and after damp heat accelerated testing shows that thick glass sheets (6.25 mm total thickness) partially obscure the water absorption band due to overlap with OH absorption bands. Arrows indicate the water absorption band and the thickness calibration band that was used to correct for thickness variations across the sample due to an angle formed between the glass sheets during the lamination process (c) Sequential spectra are taken from the midpoint of one edge towards the center of the sample (for a total of 25 mm length with data points collected every 1mm). Both thickness calibration and water absorption bands are integrated with appropriate limits and the value of each integral is plotted as a function of the distance from the edge. Variation of thickness calibration band (green) and water absorption band before (red) and after (blue) water exposure across the sample is plotted as a function of distance from the edge. (d) Normalization of water concentration profile is calculated by subtracting the water absorption bands before and after exposure, dividing by the thickness calibration band integral to account for variation in thickness and normalizing the data such that the maximum (point closest to the edge is equal to unity. We estimate that this normalization data processing is a good approximation for the water concentration, relative to saturation values (c/csaturation). The relative water concentration is compared to a numerical simulation assuming a Fick type diffusion law in the sample, with boundary conditions of saturation on the perimeter. The experimental data is fitted with the model by minimizing the residual with respect to the diffusion coefficient value. A good agreement between simulation and experiment is obtained for a diffusion coefficient of 2.9*10 -6 cm 2 /s. (e) Two dimensional plot of the relative water concentration derived from the numerical simulation of water ingress in the square sample measuring 50 by 50 mm with saturation boundary conditions at the edge. ranha etch. This result outlines that the spectroscopic testing approximately 0.1%.
Testing was performed on laminate samples made of sapphire, EVA and a commercial moisture barrier with the goal of evaluating the feasibility of detecting pinholes or crack formation (data not shown). The approach taken was to allow moisture penetration from the perimeter into the encapsulant (no edge seal was used) and in the outer exposed polymer layer of the barrier. After removal from the accelerated testing conditions the water above the inorganic layer of the barrier quickly diffuses out within several minutes, while the water below the inorganic layer is trapped and is released at a much longer time scale (for a sample 50 mm wide, the release time was estimated as 3 month at room temperature and uncontrolled humidity conditions). These preliminary results showed that moisture that passed the inorganic layer decreases the overall transmission of the sample within the water absorption band from 20 to 10% suggesting that spectroscopic imaging could be a valuable tool in evaluating performance of moisture barriers as it provides spatial resolution needed to identify pin holes and the temporal resolution to highlight failure mechanisms. Fig. 2 . Imaging of water ingress in an EVA sapphire laminate. The sample was immersed in water at 85 o C for 72 hours to achieve saturation, and then left at room temperature such that the water is released from the edges crating a pattern of high water content in the center and dry at the periphery. Although not observed by visual inspection, poor adhesion and low temperature lamination creates gaps at the EVA sapphire interfaces where water accumulates (dark spots).
Water ingress imaging was performed in a custom setup using a indium antimonide focal plane array camera body equipped with a liquid nitrogen Dewar and a four position filter wheel containing filters targeting either the thickness calibration or the water absorption bands (Figure 2) . We found that optimal results require careful non-uniformity correction of the focal plane array with both lens and filter in place and at same focus conditions as used to image the sample. The non-uniformity correction algorithm imaged a large area black body at two temperatures within 10 o C of ambient with gain and offset of each pixel interpolated between the two calibration points. As in the FTIR spectroscopic testing section the tested samples included sapphire-EVA and glass-EVA laminates. The sapphire samples provide a better contrast due to no absorbance in the spectral region of interest. There are two effects of glass sheet on the image quality: first, the glass attenuates any signal that passes through (~20% internal transmission for 3.125 mm thick glass) and second it contributes through its own thermal emission to the background of the measurement. The imaging was performed with a 20 mm focal length lens made of silicon with a broadband 1 to 5 micron coating. Although not specifically optimized for the spectral range of interest the optics transmission was 88%, with possible improvements in transmission of over 95% for custom designed coatings. Typical resolution of the current instrument was on the order of 20 microns and which can be further improved with shorter working distance lens assembly.
III. CONCLUSION
Although it is accepted that the degradation rates of photovoltaic modules are higher in warm and humid climates, it is difficult to assess the role of moisture ingress due to the difficulty in measuring the water content inside the modules for both accelerated testing and field exposure. An additional complication is that failure occurs from contribution of other factors (ultraviolet exposure, temperature, mechanical stress etc.). Spectroscopic testing and imaging can be a useful tool to determine the role of moisture ingress in the performance degradation of photovoltaic modules especially for thin film technologies that are more susceptible to moisture degradation. The method is particularly relevant to novel packaging products (flexible moisture barriers) for light weight module designs but also for bifacial crystalline silicon modules that use glass for both front and back sheet and require edge seal to ensure that water does not diffuse in the encapsulant. Even for the more common breathable back sheet module design, we argue that understanding and characterizing the water transport is essential in elucidating failure mechanisms especially in the initiation phase when deviations from a Fick's diffusion model would occur.
